Most eukaryotic translation initiation is thought to be dependent on the 5 -cap structure of the mRNA. It is becoming apparent, however, that the mRNAs of many genes contain IRESs (internal ribosome entry segments) within the 5 -UTR (5 -untranslated region) that allow ribosomes to initiate translation independently of the 5 -cap. IRESs can enable the expression of these genes under conditions (such as viral infection, cellular stress and apoptosis) when cap-dependent translation initiation is compromised, and also provide a target for regulation of gene expression. Recent results from our laboratory and others suggest that 10% of mRNAs (∼4000 genes) use this mechanism to initiate translation. One of the central goals of those working in the field of translation is to identify the sequence motif(s) and proteins that are required for internal ribosome entry. We have identified recently a unique PTB (polypyrimidine tract-binding protein) motif (CCU) n that is present in a large subset of cellular IRESs, and the results suggest that PTB itself is involved either directly or indirectly in ribosome recruitment. Here, we describe further investigations of PTB with artificial sequences that harbour this motif.
Introduction
Control of translation is one of the major mechanisms of regulating gene expression and allows a cell to respond rapidly to changing conditions without the requirement for the synthesis of new mRNA. Most of the translational regulation occurs at the level of initiation and this can be directed by two mechanisms in eukaryotic cells [1] : (i) cap-dependent scanning, which requires the binding of the trimeric complex eIF4F (eukaryotic initiation factor 4F) to the 7-methyl G cap structure and scanning to the first AUG codon that is in good context [2] , and (ii) internal ribosome entry, a mechanism that was originally described for translation initiation in picornaviruses [3] . The latter process requires the direct recruitment of ribosomes to a complex RNA structural element known as an IRES (internal ribosome entry segment) that is formed in the 5 -UTR (5 -untranslated region) of the mRNA. This process often requires or is facilitated by ITAFs (IRES transacting factors). Microarray studies have suggested that up to 10% of all cellular mRNAs are translated in a cap-independent manner, and a significant proportion of these mRNAs contain IRESs [4, 5] . IRESs are commonly located in genes whose protein products are involved in the control of cell growth or cell death (see [1] for a review) and are generally used during situations when the cap-dependent mechanism of translation initiation is reduced. A number of examples have emerged in which IRESs are required to initiate translation to maintain expression of specific proteins during patho-physiological cell stress, such as following heat shock {BAG-1 (Bcl-2-associated athanogene 1); [6] }, during apoptosis {c-myc IRES and XIAP (X-chromosome-linked inhibitor of apopotosis) IRES; [7, 8] }, during development {FGF-2 (basic fibroblast growth factor 2) IRES and c-myc IRES; [9, 10] } and during genotoxic stress (c-myc IRES; [11] ).
To gain an understanding of how mRNAs are regulated by internal ribosome entry, it is essential to identify the proteins that mediate this process and to determine how these in turn are regulated. Until recently, relatively little was known about the ITAFs required by cellular IRESs. However, our laboratory has now found that certain physiologically regulated cellular IRESs, including the Apaf-1 IRES [12, 13] and the BAG-1 IRES [14, 15] , are dependent on PTBs (polypyrimidine tract-binding proteins) for function. This protein had previously been shown to be involved in translation initiation mediated by IRESs found in certain picornaviruses including FMDV (foot and mouth disease virus) [16, 17] , EMCV (encephalomyocarditis virus) [18] , poliovirus [19] , HAV (hepatitis A virus) [20] and HCV (hepatitis C virus) [21] . There are four human variants of PTB: PTB-1, PTB-2, PTB-4 [22] and nPTB, an isoform that shows increased expression in neuronal tissues [23, 24] . All PTB isoforms contain four RNA recognition motifs [25] , although these are non-canonical and contain unusual features in the sequences of the conserved motifs [26] . SELEX (systematic evolution of ligands by exponential enrichment) was used to define the
Figure 1 Sequences containing repeats of CCU function as IRESs in vivo
Lower panel: schematic representation of the sequences that were inserted into the dicistronic reporter vector pRF, which contains Renilla and firefly luciferases as the upstream and downstream cistrons respectively. Upper panel: HeLa cells were transfected using FuGENE 6 (Roche, Lewes, East Sussex, U.K.) following the manufacturer's instructions, and the activities of firefly and Renilla luciferases in in vitro translation reactions or lysates prepared from transfected cells were measured and calculated as described previously [13] using a Dual-Luciferase reporter assay system (Promega, Chilworth, Southampton, U.K.).
binding the site for PTB-1 as 5 -CAGCCUGGUGCCUCU-CUUUCGG-3 [27] , although additional studies suggested that the PTB recognition sequence consists of UCUU or UCUUC within a pyrimidine-rich sequence [28] . However, the dissociation constants for the interaction of PTB with longer sequence elements involved in splicing reactions or IRESs are approx. 400 times lower than the SELEX values [25, 28] , suggesting that the relatively short sequences defined by SELEX are not physiologically relevant.
Results obtained from our studies with the cellular IRESs BAG-1 and Apaf-1 suggested strongly that PTB-1 is an essential part of the preinitiation complex since mutations that altered the PTB-binding regions ablate IRES activity [13, 14] . Interestingly, the PTB-binding sites of both IRESs are adjacent to the sites at which ribosome entry occurs, raising the possibility that PTB or its interacting protein partners {e.g. PSF (PTB-associated splicing factor) [29] , hnRNPL (heterogeneous nuclear ribonucleoprotein L) [30] , Raver [31] and Rod 1 [32] } could provide a bridge between the IRES-RNA and the ribosome.
Stem loops containing (CCU) n are efficient IRESs
Studies on the Apaf-1 IRES demonstrated that PTB-1 interacted with pyrimidine-rich sequences that contain (CCU) n [13] , and therefore, to investigate whether repeats of this motif were sufficient to mediate internal ribosome entry, a series of AIRESs (artificial IRESs) was generated that contained repeats of this motif [33] . We showed that, when present in a stem loop, repeats of (CCU) n are sufficient to mediate PTB-dependent internal ribosome entry both in vitro and in vivo [33] (Figure 1 ). In addition, our results suggest that approx. 3000 5 -UTRs may contain this motif, implying that this sequence could be involved in IRES-mediated translation of many mRNAs [33] .
To investigate further how the (CCU) n motif may function in ribosome recruitment, several additional AIRESs were created (Figure 1 ). Thus constructs were generated where the hairpin was present in the opposite orientation such that repeats of (CCU) n in the single-stranded sequence were placed adjacent to the start codon (Figure 1; KMI3sp) , and with or without a spacer region of approx. 30 nt between the end of the hairpin sequence and the start codon (Figure 1 ; KMI3, KMI3sp; KMI2, KMI2a). Finally, an AIRES was created (Figure 1, KMIB) based on the KMI2 construct into which mutations were introduced in the (GGA) n half of the hairpin order to produce mismatches whilst still maintaining the integrity of the (CCU) n motif. This structure more closely mimics that observed in cellular IRESs since these are very rarely perfect hairpins and often contain unpaired bases [33] . These constructs were transfected into HeLa cells and luciferase assays were performed to assess IRES activity. The data show that a spacer region of at least 30 nt is required between the end of the hairpin and the start codon since IRES function is significantly impaired in constructs that lack the spacer (Figure 1 ; compare KMI2a with KMI2 and KMI3 with MMI3sp). The data also show that the orientation of the hairpin is not important since the activities of KM12 and KMI3spc are the same. This is perhaps not surprising since the secondary helical structures from these sequences are likely to be the same with the (CCU) n repeats presented to the ribosome in a similar manner. However, the repeated (CCU) n motif is essential for IRES function since repeats of (CUU) n are not as active and do not bind PTB as efficiently (Figure 1; [33] ). The AIRES created that contained mismatches (Figure 1 ; KMIB) was found to be approx. 2-fold more active than KMI2 and indeed more active than many cellular IRESs (Figure 1 ).
PTB binds preferentially to doublestranded RNA
Repeats of (CCU) n are therefore able to recruit the ribosome in a PTB-dependent manner providing that they are present as part of a double-stranded stem [33] . This was initially rather a surprising result since this sequence is very different from the single-stranded PTB-binding motif identified by SELEX [27] . However, the dissociation constants that we have obtained with the KMI1/2 sequences are approx. 100-fold lower and comparable with that obtained from PTB binding the EMCV and Apaf-1 IRESs [13, 34] , suggesting that the sequence that we have defined is more physiologically relevant and that PTB primarily binds to double-stranded RNA.
To investigate this further, the PTB-binding motif identified by SELEX was mutated to contain CCU (Figure 2A) and single-or double-stranded RNAs were generated by in vitro transcription. These were then used in EMSAs (electrophoretic mobility-shift assays) in the presence of PTB-1. As can be seen, mutating the SELEX motif such that (A) Radiolabelled RNA was generated based on the PTB-binding sequence identified by SELEX that was mutated as shown. Thus pairs of oligonucleotides harbouring the sequences shown and T7 promoter sites were used in in vitro transcription reactions that included 50 µCi of [α-32 P]CTP (as described previously [12] ). After incubation of the reaction mixture for 1 h at 37 • C, the RNA was isolated (as described previously [12] ). (B) EMSAs were performed (as described previously [12] ) using approx. 23 000 c.p.m. of labelled transcript (generated as described above) that was incubated with PTB (0.2 µg) at room temperature for 10 min. Loading buffer was added and samples were loaded directly on to 5 or 10% acrylamide TBE (45 mM Tris/borate/1 mM EDTA) gels that were then electrophoresed at 150 V for 1 h. Gels were dried and exposed on a phosphoimager. ds, double-stranded; ss, single-stranded; f, forward; r, reverse.
it incorporates CCU increases the binding affinity of PTB for this substrate ( Figure 2B ). Thus the interaction of PTB with single-stranded RNA generated from mutant B, which contains one CCU in the middle section of the sequence and two at the 3 -end, is significantly stronger than with the wild-type SELEX sequence ( Figure 2B ). The same is also true for mutant C that contains CCUCCUCCU in the middle section of the sequence and the EMSAs suggest that this repeated motif binds yet more tightly to PTB ( Figure 2B ).
Discussion
A small number of eukaryotic IRESs (Gtx and RBM3) have been identified that contain sequences that are capable of directly binding to ribosomal proteins to recruit ribosomes [35, 36] , a mechanism also found in certain viral IRESs including HCV, classic swine fever virus and bovine viral diarrhoea virus [37, 38] . However, for most of the cellular IRESs, trans-acting factors facilitate ribosome recruitment [13, 14, 39] . We have shown that a (CCU) n motif is able to recruit the ribosome to cellular IRESs in a PTB-dependent manner providing that the RNA is predominately present as a double-stranded stem (Figure 1; [33] ). Here, we have shown that a spacer region following the hairpin is required for efficient ribosome loading, although the orientation of the stem is not important (Figure 1) . However, we show that a certain number of mismatches within the stem increases IRES activity providing that the (CCU) n motif is maintained. This suggests that some unwinding of the structure may be required for ribosome loading and that CCU-containing structures with some unpaired regions are able to function more efficiently as IRESs. Such structures are similar to those found in cellular IRESs [33] . To investigate the interactions of PTB with double-stranded versus single-stranded RNA, we mutated the PTB-binding motif identified by SELEX to contain CCU. We show that the double-stranded mutated versions of this RNA bind PTB strongly (Figure 2 ) in agreement with our previous results [33] .
Although it is important that the first PTB-dependent IRES motif has now been identified, the way in which PTB may function to recruit the ribosome to these IRES elements is still not clear and this is under further investigation.
